YAlO 3 single crystal doped with Ce 3ϩ at concentration 1% was grown by the temperature gradient technique. The as-grown crystal was pink. After H 2 annealing or air annealing at 1400°C for 20 h, the crystal was turned into colorless. We concluded there were two kinds of color centers in the as-grown crystal. One is F ϩ center attributed to absorption band peaking at about 530 nm, the other is O Ϫ center attributed to absorption band peaking at about 390 nm. This color centers model can be applied in explaining the experiment phenomena including the color changes, the absorption spectra changes, and the light yield changes of Ce:YAP crystals before and after annealing.
Yttrium orthoaluminate (YAlO 3 , YAP͒ has a distorted perovskite structure with an orthorhombic unit cell; the space group is D 2h 16 -Pbnm. 1 Ce:YAP single crystal is a good scintillator and widely used in medical imaging, astrophysics, high-energy physics, and other fields.
2, 3 At present, Ce:YAP is mainly grown by the Czochralski technique and Bridgman method. Different growing processes have a great effect on the spectra and scintillation properties of Ce:YAP. 4 We have grown Ce:YAP crystal by the temperature gradient technique ͑TGT͒. 5 Although the crystal was cracked into several pieces, we still can get 18ϫ18ϫ1 mm 3 crystal samples by cutting the pieces and found some interesting phenomena through annealing and testing.
The as-grown crystal was pink. After H 2 annealing or air annealing at 1400°C for 20 h, the crystal turned colorless as shown in Fig. 1 . Absorption spectra were measured at room temperature via V-570 type ultraviolet/visible/near-IR Spectrophotometer made by Japan JASCO Company. Light yield was measured at room temperature at the Institute of High Energy Physics, Chinese Academy of Sciences. The 5.9 keV ␥ ray of 55 Fe was used as a radiation source and a photomultiplier tube ͑XP2262B͒ was used as the photodetecter.
Obvious changes took place in the absorption spectra after annealing in H 2 atmosphere and air atmosphere at 1400°C for 20 h, respectively, according to Fig. 2. In Fig.  2͑b͒ , the absorption coefficient of 358 -622 nm band which is peaking at 390 nm and 530 nm obviously decreased after H 2 annealing. At the same time, the crystal sample became colorless from pink. Conversely, the absorption coefficient of the 230-358 nm band which belongs to a 4 f -5d transition 6 of Ce 3ϩ increased, which will be useful for absorbing energy under ultraviolet ray exciting. However, the increasing absorption near 358 nm may lead to large self-absorption in high-energy ray detection and decrease the light yield because the emission peak of Ce:YAP crystal is near 360 nm. 6 Similar changes also took place after air annealing as shown in Fig. 2͑a͒ . Why can the crystal samples turn colorless from pink after annealing in air or H 2 atmosphere at 1400°C? Mareš et al. 7 observed up to three additional ␥ ray radiationinduced absorption bands for Ce:LuYAP crystal grown by the Czochralski method peaking at 380, 425, and 560 nm. They concluded that the additional absorption bands in the range of 360-480 nm ͑peaks at 380 and 425 nm͒ were probably caused by O Ϫ centers, and the absorption band peaking at 560 nm was probably due to F ϩ centers. However, they did not give further explanation.
We think that the pink of as-grown Ce:YAP was caused from the absorption bands peaking at about 390 nm and 530 nm. And the absorption band peaking at about 390 nm probably arose from the O Ϫ center and the absorption band peaking at about 530 nm was probably due to F ϩ center as shown in Figs. 2͑a͒ and 2͑b͒ .
Why did such color centers exist in as-grown Ce:YAP grown by TGT? The probable cause is the following: A mild deoxidization atmosphere exists in the furnace of TGT because of adopting graphite resistance as a heater and high pure Ar gas in the furnace, so O 2Ϫ ions vacancies were produced in crystal growth process. This color center model can explain the color changes, the absorption spectra changes, and the light yield changes after annealing the as-grown Ce:YAP crystal samples. The explanation is as follows. When the as-grown Ce:YAP crystal was annealed at 1400°C, regardless of H 2 or air atmosphere, the electrons trapped in F ϩ centers and F centers can get away from them and move in the crystal. In the process of motion, the electrons can combine with the Ce 4ϩ , O Ϫ , V, V Ϫ , and V 2Ϫ . The process may be expressed as
As a result, the F ϩ and O Ϫ centers disappeared and the concentration of Ce 3ϩ increased. So, the crystal became colorless; the absorption coefficient of the 358 -622 nm band, which peaks at 390 nm and 530 nm obviously decreased and the absorption coefficient of the 230-358 nm band which belongs to 4 f -5d transition of Ce 3ϩ increased after H 2 annealing as shown in Fig. 2͑b͒ . The absorption coefficient of the 367-592 nm band which peaks at 390 nm and 522 nm also obviously decreased and the absorption coefficient of the 228 -367 nm band which belongs to the 4 f -5d transition of Ce 3ϩ also increased after air annealing in Fig. 2͑a͒ .
The light yield of the as-grown crystal, air annealed crystal, and H 2 annealed crystal was 1630 Pe/MeV, 1513 Pe/MeV, and 1332 Pe/MeV, respectively. According to physical mechanism of scintillation, the scintillation process can be represented as the sequence of the following stages: 8 ͑1͒ Absorption of the ionizing radiation and creation of primary electrons and holes, ͑2͒ Relaxation of the primary electrons and holes, i.e., production of numerous secondary electrons, holes, photons, plasmons, and other electronic excitations, ͑3͒ Thermalization of the low-energy secondary electrons ͑holes͒ resulting in a number of electron-hole pairs with energy roughly equal to the band-gap energy E g , ͑4͒ Energy transfer from the electron-hole pairs to the luminescence centers and their excitation, and ͑5͒ Emission from the luminescence centers.
The light yield ͑LY͒ of scintillator radiated by gammaray quantum or other radiation is given by 9 LYϭ
where N ph is the number of scintillation photos or the number of scintillation photoelectrons, E is the radiation energy absorbed by scintillator, E gap is the band-gap energy between valence and conduction band, and ␤ is a parameter which indicates the average energy required to produce one thermalized electron-hole pair: E e -h ϭ␤E gap , ␤ϭϳ2-3. S is the transport/transfer efficiency of the electron-hole pair/ energy to the luminescence center ͑LC͒, and Q is the quantum efficiency of the LC, i.e., the efficiency for photon emission once the LC is excited. For Ce:YAP crystal, ␤E gap is relative to the crystal itself and Q is relative to Ce 3ϩ , so LY is mostly decided by S. S depends very much on defects present in the scintillator, other than the LC, that may capture electrons or holes or both.
According to the above analysis, a large number of vacancies of oxygen ions without binding electrons and vacancies of cation without binding holes produced in the Ce:YAP crystal after annealing in air or a H 2 atmosphere at 1400°C for 20 h. So, these vacancies can capture thermalized electron-hole pairs produced by ionizing radiation and decrease the value of S in the scintillation process. As a result, the LY of Ce:YAP crystals after a decrease in annealing.
In the air annealing process, oxygen can come into the crystal to some extent and decrease the vacancies of oxygen ions in some extent. However, H 2 annealing did not cause this effect. So the LY of air annealed Ce:YAP was higher than that of the H 2 annealed crystal.
In conclusion, the most probable color centers are F ϩ and O Ϫ centers in an as-grown Ce:YAP crystal grown by TGT. This color model can be applied by explaining the following experiment phenomena: The as-grown crystal was pink, after H 2 annealing or air annealing at 1400°C for 20 h, the crystal turned colorless, the absorption coefficient of the Ce 3ϩ absorption band obviously increased, and the LY of the annealed Ce:YAP crystal was lower than that of as-grown 
